Supplementation with PPi compensated for most effects of Ank deficiency on Type II collagen, Sox-9 and Wnt-5 expression, both in IL-1β and Ank knock-down conditions. Phenotype changes induced by IL-1β were also supported by activation of the JNK pathway, but this latter was not sensitive to PPi supplementation. Altogether our data demonstrate that the transport of PPi by ANK contributed to the maintenance of the differentiated phenotype of chondrocyte by controlling the canonical Wnt pathway in a Wnt-5a-dependent manner.
since changes in its composition, like depletion in proteoglycan content and destabilization of the supramolecular collagen network, result in chondrocyte proliferation and partial loss of the articular phenotype (3) . Moreover, the balance between ECM synthesis and degradation is disturbed during rheumatic diseases, which are often associated with a progressive loss of the chondrocyte phenotype (dedifferentiation) and/or an enhanced cell apoptosis (4) . Several factors, including the family of Wnt proteins, are thought to play a key role both in the occurrence and the maintenance of these articular hallmarks (5, 6) . Since the discovery of Wnt genes (7), 20 members have been described in the Wnt family, that act on the Frizzled receptors, to initiate signaling cascades resulting in the regulation of cell adhesion or the expression of genes of the homeobox family (8, 9) . Wnt proteins activate cell transduction by two major ways: i) activation of the β-catenin-T-cell factor (Tcf) pathway, referred as the canonical pathway, ii) signaling via the cytoskeleton or the JNK pathway/protein kinase C (PKC) pathway, referred together as the non-canonical pathways (10) (11) (12) . Activation of the canonical Wnt pathway induces nuclear translocation of β-catenin and its dimerization with Tcf/Lymphoid enhancer factor (Tcf/Lef), resulting in the displacement of co-repressors and the subsequent activation of transcription of target genes (13) .
Wnt proteins and Frizzled receptors are thought to be involved in cartilage destruction, as they are increasingly expressed in cartilage from patients with osteoarthritis (OA) (14, 15) . On the other hand, several exogenous recombinant Wnt proteins (including Wnt-3a and -7a) suppress a reporter gene expression driven by the Type II collagen promoter in a chondrogenic cell line (16) . However, the cellular effect may depend on which Wnt protein is involved. Thus, expression of Wnt-5a blocked the differentiation of articular chondrocytes during development (17) , whereas exposure to Wnt-7a caused chondrocyte dedifferentiation by stimulating β-catenin transcriptional activity (18) . Moreover, chondrocytes express low basal levels of β-catenin, and overexpression of β-catenin caused dedifferentiation of chondrocytes (19) . These observations suggest a major role of Wnt proteins in the control of chondrocyte phenotype, as well as a link between the loss of chondrocyte phenotype and the activation of the β-catenin pathway.
Interleukin (IL)-1β, which can be produced in diseased joints by resident or inflammatory cells, is a major pro-inflammatory cytokine involved in cartilage degradation and inhibition of ECM synthesis (20) (21) (22) . As a consequence, IL-1β modifies cell-matrix interactions and promotes phenotypic changes in chondrocytes. Two recent studies demonstrated that Wnt-5a (18, 23) and Wnt-7a (18) were up-regulated by IL-1β, and contributed to loss of chondrocyte phenotype by activating the canonical (18) and non-canonical Wnt signaling pathways (18, 23) . IL-1β was also described as a potent inhibitor of inorganic pyrophosphate (PPi) generation by chondrocytes (24) , and we recently demonstrated that the PPi transporter ANK was the main contributor of ePPi production in this cell type (25) .
Interestingly, Ank mRNA is developmentally regulated in the cartilage of mouse embryo (26) whereas ANK dysfunction facilitates the occurrence of calcium pyrophosphate dihydrate (CPPD) deposition, which is often associated with OA (27) . These observations support the key role of IL-1β in the loss of chondrocyte differentiated phenotype and question the possible contribution of PPi and its transporter ANK to this process.
Our work aimed to investigate the role of Ank and ePPi in the maintenance of the differentiated chondrocyte phenotype and to elucidate the molecular mechanisms underlying this phenomenon. A reduced expression of Ank provoked either by IL-1β challenge or by RNA silencing was associated with a loss of collagen type II and Sox-9 expression. The effect of IL-1β on cartilage specific markers was compensated by overexpression of Ank. The phenotypic loss of differentiated chondrocytes was driven mainly by the up-regulation of Wnt-5a, at the mRNA and protein levels, which triggered the nuclear translocation of β-catenin and activated the canonical, but not the non-canonical JNK-related Wnt pathway. Addition of exogenous PPi compensated for most of the phenotype loss induced by Ank knock-down, by decreasing activation of the Wnt canonical pathway. Exogenous PPi supplementation did not affect activation of the non-canonical Wnt pathway by IL-1β, but reduced its effect on the loss of cartilage specific markers. Markers for hypertrophic chondrocytes including collagen type X and tissue non-specific alkaline phosphatase (TNAP) failed to be detected throughout the study. These data demonstrate that Ank prevents the loss of the differentiated chondrocyte phenotype by controlling Wnt-5a release and secondary activation of the Wnt canonical pathway, i.e. β-catenin accumulation, through PPi exportation.
EXPERIMENTAL PROCEDURES
Chondrocyte isolation and culture-Articular cartilage was obtained from 6 weeks-old healthy male Wistar rats (130-150 g) that were killed under dissociative anesthesia [ketamine (Rhône-Mérieux, France) and acepromazine (Sanofi Santé Animale, France)] in accordance with our local ethics committee and the national animal care guidelines. Articular cartilage pieces were aseptically dissected from femoral head caps and chondrocytes were obtained by sequential digestion with pronase and collagenase B (Roche Molecular Biochemicals, France) as described previously (28) . Cells were washed twice in PBS and cultured to confluence in 75-cm 2 flasks at 37°C in a humidified atmosphere containing 5% CO 2 . Cells were maintained in DME/F-12 supplemented with L-glutamine (2 mM), gentamicin (50 µg/ml), amphotericin B (0.5 µg/ml), and 10% heat-inactivated FCS (Invitrogen, France). In all the experiments, we used first passaged chondrocytes plated at 4.10 5 cells/well in six-well plates. For nuclear extracts preparation, chondrocytes were seeded at 3.10 6 cells/75-cm 2 flask. Chemicals-All chemical reagents were obtained from Sigma (France), unless specified. Study design-Firstly, we studied the changes in chondrocytes phenotype induced by IL-1β challenge (18) . For that goal, chondrocytes were stimulated with 10 ng/ml of IL-1β (R&D Systems, France) in DME/F-12 containing 1% FCS. Expression of markers for fully differentiated or hypertrophic chondrocytes was studied by RT-qPCR at 36 h and ePPi level was assessed in culture supernatants at 72 h. Secondly, to investigate the contribution of Ank to the maintenance of chondrocyte phenotype, we transfected chondrocytes either with a plasmid overexpressing ANK or with siRNA directed against Ank. Expression of chondrocytes markers was analyzed again by RT-qPCR, and immunocytochemistry was performed for ANK, Type II collagen and Wnt-5a. Thirdly, the supernatant (referred to as conditioned supernatant) harvested from cells transfected for 72 h either with scramble or Ank siRNA A was used on chondrocytes monolayers to check for its ability to activate the canonical (electroporation of Tcf/Lef reporter plasmids and western blotting of nuclear β-catenin) and noncanonical (western blotting of JNK phosphorylation) Wnt pathways. These experiments were repeated respectively with mock and neutralizing Wnt-5a antibodies to define the contribution of Wnt-5a in these processes. In another set of experiment, chondrocytes monolayers were stimulated with conditioned supernatant from cells transfected with Ank siRNA in the presence and the absence of 0.1 mM of exogenous PPi, to compensate for the loss of Ank expression. Expression of cartilage specific genes was analyzed by RT-qPCR and the Tcf/Lef canonical pathway was checked with a plasmid reporter assay. PPi was freshly prepared as a mixture of Na 2 H 2 P 2 O 7 and Na 4 P 2 O 7 (pH 7.4). Lastly, the impact of exogenous PPi on the IL-1β-induced activation of JNK was studied by western blotting. Moreover, the regulation of cartilage-specific genes expression induced by the IL-1β challenge was analyzed in the presence and the absence of the JNK inhibitor SP600125 (5 µM), since activation of JNK was shown to inhibit Type II collagen expression in chondrocyte (23) . Extracellular PPi (ePPi) Assay-ePPi levels were measured using the differential adsorption of UDP-(6-3 H) glucose (GE Healthcare, France), and its reaction product 6-phospho-(6-3 H) gluconate on activated charcoal, as previously described (29) . The standards, ranging from 10 to 400 pmol of PPi, were included in each assay. After adsorption of the reaction mixture on charcoal, and centrifugation at 16000 g for 10 min, 100 µl of the supernatant was counted for radioactivity in 5 ml of Bio-Safe II (Research Products International Corp, USA). Results were expressed as pmol of ePPi per microgram of total cell proteins (quantified by bicinchonic acid assay). RNA extraction and RT-PCR analysis-Total RNA was isolated using RNeasy plus mini kit ® (Qiagen, France), which allows the total removal of genomic DNA with an on-column DNase. 500 ng of total RNA were reverse-transcribed for 90 minutes at 37°C in a 20 µl reaction mixture containing 2.5 mM dNTP, 5 µM random hexamer primers, 1.5 mM MgCl 2 , and 200 U Moloney Murine Leukemia Virus reverse transcriptase (Invitrogen, France). Amplification of generated cDNA was performed in the Mastercycler gradient thermocycler (Eppendorf).
Real-time quantitative RT-PCR (RT-qPCR)-
To quantify mRNA expression of target genes, a RT-qPCR was performed using the Lightcycler® (Roche) technology. PCR was done with SYBRgreen master mix system (Qiagen). The gene-specific primer pairs are provided in Table  1 . Melting curve was performed to determine the melting temperature of the specific PCR products and after amplification the product size was checked on a 1% agarose gel stained with ethidium bromide (0.5 µg/ml). Each run included positive and negative reaction controls. The mRNA level of the gene of interest and of S29, chosen as housekeeping gene, was determined in parallel for each sample. The S29 gene, which codes for a ribosomal protein, was shown previously to be invariable in chondrocytes challenged with IL-1β (30) or transforming growth factor-β1 (TGF-β1) (25) . Quantification was determined using a standard curve made for each assayed gene, from a purified PCR product, with concentrations ranging from 10 -3 to 10 -9 ng/ml. Results were expressed as the ratio of the mRNA level of each gene of interest over S29 gene.
RNA silencing experiments-SiRNA sequences (Table 2) were designed by Eurogentec (France).
Transfections were carried out with each siRNA at a final concentration of 10 nM, using INTERFERin TM (Polyplus-transfection SA, France). SiRNA were diluted in serum-free medium, INTERFERin TM was then added to the mix for a short incubation at RT. Cells were then washed with PBS and placed in serum-free medium. The siRNA-INTERFERin TM mix was then added to the culture for 24 h. After this time, cells were stimulated or not with 0.1 mM of PPi for 48 h. Preparation of conditioned supernatants.-Supernatants from chondrocytes transfected either with scramble or Ank siRNA were harvested and clarified by centrifugation at 12000 g for 5 min, then concentrated 50-fold using Microcon (Millipore) centrifugation devices with a 30-kDa molecular mass cut-off. In one set of experiments, these conditioned supernatants were incubated for 1 h at 37°C either with anti-β actin (mock) or anti-Wnt-5a (H-58, sc-30224, Santa Cruz Biotechnology) rabbit polyclonal antibodies, each used at 0.4 µg/ml, prior being clarified and concentrated as described above.
Immunocytochemistry-
Chondrocytes were seeded at 10 4 cells per chamber in Lab-Tek II chamber slide (Nunc GmbH & Co.KG, Germany). Immunocytochemistry was processed for 15 min at 37°C using LSAB+ System-HRP kit (DakoCytomation, USA) on cells fixed with a 4% PBS-PFA solution (pH 7.4). Cell peroxidases were blocked by covering monolayers with a 3% H 2 O 2 solution for 5 min. After two washings with PBS, chondrocytes were incubated for 30 min with primary antibodies against ANK, Type II collagen (MAB1330, mouse monoclonal, Millipore, France) or Wnt-5a (H-58, rabbit polyclonal, sc-30224, Santa Cruz Biotechnology, USA) used at 1/100 in PBS-1% BSA. Purified rabbit polyclonal antibody against ANK was designed by Eurogentec, using a keyhole limpet hemocyanin-coupled peptide with the following sequence
After washings with PBS, cells were incubated for 30 min with biotinylated antirabbit or anti-mouse IgG. After PBS washings, chondrocytes were incubated for 15 min with streptavidin conjugated to HRP. Cells were then stained using a solution containing DAB as a chromogen and H 2 O 2 . Counterstaining was done using Harris Hematoxylin. Images were acquired in air medium at RT using DMD108 microimaging device, connected to a 3 million pixel charge -coupled device camera (Leica Microsystems GmbH, Germany) and software Leica Acquisition Suite. Magnification was 10X and numerical aperture was 0.25. Nuclear extracts preparation-To study the translocation of β-catenin into the nucleus, nuclear fractions were isolated from cells stimulated for 48 h either with conditioned supernatants or 10 mM of LiCl used as a positive control. Briefly, chondrocytes were harvested and placed in a cold buffer (pH 7.9) containing 10 mM Hepes, 10 mM KCl, 0.1 mM EGTA, 0.1 mM EDTA, 1mM DTT and one tablet of complete mini protease inhibitor cocktail (Roche). After 15 min of incubation at 4°C, 0.6% Igepal CA-630 was added to the cell suspension, which was then homogenized. Nuclei were pelleted by centrifugation for 5 min at 4°C and 200 g. Supernatant, containing the cytosolic fraction was harvested. Nuclei were lysed in a cold buffer containing 20 mM Hepes, 0.4 M NaCl, 1 mM EGTA, 1 mM EDTA, 1mM DTT, 0.25% Igepal CA-630 and one tablet of complete mini protease inhibitor cocktail (Roche). Lysate was then centrifuged at 12000 g for 10 min at 4°C. Cytosolic and nuclear proteins were quantified by bicinchonic assay and used for western blotting of β-actin and β-catenin respectively. Western blot analysesConcentrated supernatants were placed in final concentration of 1X Laemmli buffer. For JNK analyses, chondrocytes were harvested and lysed in 1X Laemmli buffer. Samples were run on SDS-PAGE (10%) and transferred onto a polyvinylidene fluoride membrane. After 2 h in blocking buffer (TBS-Tween-5% non-fat dry milk), membranes (Immobilon, Waters, France) were washed three times with TBS-Tween and incubated overnight at 4°C with antibodies against either phospho-and total-JNK (Cell signaling technology) used at 1/500, or against Wnt-5a (Santa Cruz Biotechnology) and β-catenin (Affinity BioReagents, USA) used at 1/1000 or against β-actin (Sigma) used at a dilution of 1/4000. After three washings with TBS-Tween, each blot was incubated for 1 h at RT with anti-rabbit IgG conjugated with horseradish peroxidase (Cell Signaling Technology) at a 1/2000 dilution in blocking buffer. After four washings with TBS-Tween, protein bands were detected by chemiluminescence with the Phototope Detection TM system according to manufacturer's recommendations (Cell Signaling Technology). The band intensities were quantified by densitometry with a computerized image processing system (Gnome, Syngene, UK). Plasmid Electroporation-Chondrocytes were electroporated as previously described (25) , in two set of experiments. In the mRNA expression study, cells were transfected with 6 µg of either empty pcDNA3.1 (Invitrogen) used as control, or a plasmid encoding for wild-type Ank (pANK). For that goal, Ank coding DNA sequence was cloned from chondrocytes (GenBank accession number NP 446166) in pcDNA3.1. Cells were then stimulated or not with 10 ng/ml of IL-1β for 48 h before RNA extraction. Plasmid pmaxGFP TM (Amaxa biosystems), encoding a GFP was used to determine the transfection efficiency. In the Tcf/Lef reporter plasmid study, 3 µg of either TOPFlash (wild-type Lef-binding site) or FOPFlash (control, mutated Lef-binding site) (Millipore), and 600 ng of pCMV-Renilla (Promega, France) were electroporated in chondrocytes.
Reporter Gene Assay-Luciferase activities were measured using Dual-Luciferase Reporter Assay kit (Promega). Briefly, electroporated cells were stimulated for 48 h with conditioned supernatant.
After two washings with PBS, cells were lysed in 1X passive lysis buffer for 15 min at RT. Cell lysate was placed in LAR II (substrate for firefly luciferase) and luminescence was read with a Sirius luminometer (Berthold technologies, France). Afterwards, Stop & Glo reagent was added to the sample (substrate for renilla luciferase) and luminescence was acquired by the same way. Cells stimulated with LiCl (10 mM) for 48 h were used as a positive control for Tcf/Lef signaling. Results were expressed as mean ratio of luciferase activity, firefly/renilla. Statistical analysis-Results are expressed as the mean ± S.D. of at least three independent assays. Comparisons were made by ANOVA, followed by Fisher's t post-hoc test, using the Statview™ 5.0 software (SAS Institute Inc). A value of p < 0.05 was considered significant. Table 3 , IL-1β reduced Type II collagen and Sox-9 expression by 9.5-fold and 3-fold respectively. A concomitant 2.9-fold decrease of Aggrecan mRNA level was observed. In these experimental conditions, Ank and PC-1 expression were reduced by 3.4-fold and 2.8-fold respectively, whereas Wnt-5a mRNA level increased by 2.5 fold. No expression of either type I or X collagens, TNAP or runx-2 was detected in basal or IL-1β conditions. Wnt-3a and Wnt5b also failed to be detected whereas Wnt-7a and Wnt-11 mRNA level was detectable in basal conditions but remained unaffected in response to IL-1β challenge.
RESULTS

IL-1β induces the loss of the differentiated phenotype of articular chondrocytes. As shown in
Ank overexpression reduces IL-1β-induced changes in chondrocyte phenotype markers. The data obtained with scramble-transfected chondrocytes confirmed the inhibitory effect of IL-1β on the mRNA level of cartilage-specific markers, as well as the inverse variation of Wnt5a ( Figure 1A ). Consistently with its inhibitory effect on Ank expression, IL-1β reduced ePPi generation by 3-fold in these cells, although a concomitant 2.5 fold decrease of PC-1 mRNAs was noted ( Figure 1B) . A control experiment confirmed the efficiency of our method of transfection and the functionality of the plasmid used since Ank mRNA level was approximately 50-fold higher in resting chondrocytes transfected with pANK than with an empty vector (data not shown). In chondrocytes electroporated with this Ank overexpressing plasmid, ePPi production was around 4-fold higher than in cells transfected with the empty vector, further demonstrating the activity of our construct ( Figure 1B) . Moreover, the inhibitory effect of IL-1β on ePPi generation was totally counteracted in cells transfected with pANK whereas the IL-β1-induced decrease of PC-1 expression remained unaffected ( Figure  1B ). This result demonstrated that the restoration of PPi exportation was supported only by the correction of Ank deficiency. In these conditions, the effect of IL-1β on Wnt-5a expression was almost completely suppressed, whereas the mRNA level of Sox-9 and Type II collagen were diminished by 33 % and 47 % instead of 65 % and 85 % respectively ( Figure  1A ). These data demonstrated that ANK overexpression counteracted most of the ability of IL-1β to provoke loss of the differentiated phenotype in chondrocytes.
Ank silencing mimics IL-1β effect on chondrocyte phenotype markers. We previously demonstrated that our siRNA sequence reduced the basal expression of Ank by at least 90% in chondrocytes without affecting that of the housekeeping gene S29 (25) . As shown in Figure 2A , the basal mRNA level of Ank was strongly reduced in the presence of Ank siRNA compared to scramble-transfected chondrocytes. The silencing of Ank reduced Type II collagen expression by 50% and Sox-9 expression by 35% while increasing Wnt-5a mRNA level by 2.3-fold. Similar results were obtained with the alternative siRNA Ank bis sequence (data not shown). Type I or X collagens, TNAP or runx-2 mRNA remained undetectable in siRNA-transfected chondrocytes (data not shown). Immunocytochemical analysis confirmed that siRNA reduced efficiently the number of chondrocytes staining positively for Ank and Type II collagen, while increasing the number of Wnt-5a positive cells ( Figure 2B ). The efficiency of Ank silencing was also demonstrated at the functional level since it reduced the basal production of ePPi by 3.6-fold ( Figure 2C ). Altogether, these observations indicated that the transient knock-down of Ank stimulated Wnt-5a expression and promoted the loss of cartilage specific markers without switching chondrocyte towards a hypertrophic phenotype.
Wnt5a contributes to the loss of phenotype induced by conditioned supernatant of chondrocytes knocked-down for Ank.
As depicted in Figure 3A , the conditioned supernatant of chondrocytes transfected with Ank siRNA contained a significant amount of Wnt-5a, which was released only marginally in the conditioned supernatant of cells transfected with scramble When these supernatants were added to chondrocytes monolayers, they promoted a loss of phenotype markers which was unaffected by a prior neutralization with mock antibody but was totally prevented by an incubation with anti-Wnt-5a antibody ( Figure  3B ). This suggested that most effects of supernatants were supported by Wnt5a.
Wnt5a accounts for the potency of conditioned supernatant to activate the canonical Wnt pathway in chondrocyte monolayers. As depicted in Figure 4A , the conditioned supernatant of chondrocytes transfected with Ank siRNA activated the Tcf/Lef (TOPFlash) reporter plasmid by 2.3-fold compared to those collected from scramble-transfected cells. A control experiment with 10 mM of LiCl, which is known to cause β-catenin accumulation by inhibiting glycogen synthase kinase (GSK)-3β activity, confirmed that the TOPFlash plasmid was responsive. In addition, the defective FOPFlash construct failed to be activated either by LiCl or by conditioned supernatants ( Figure  4A ). The activation of the Tcf/Lef reporter plasmid was unaffected by a prior neutralization with mock antibody but was totally prevented by the Wnt-5a antibody ( Figure 4B ). As expected, neither of both antibodies affected the responsiveness of the FOPFlash reporter plasmid. Finally, western blotting demonstrated that the conditioned supernatant of chondrocytes transfected with Ank siRNA increased the translocation of β-catenin into the nucleus, as was the case for the LiCl positive control ( Figure  4C ). However, supernatant was unable to induce the phosphorylation of JNK, which was obvious in IL-1β-stimulated cells chosen as a positive control ( Figure 4D ). Taken together, these data indicated that the supernatant of chondrocytes transfected with Ank siRNA activated the canonical, but not noncanonical, Wnt pathway in a Wnt-5a-dependent manner.
Exogenous PPi compensates for the loss of phenotype induced by conditioned supernatant of chondrocytes knocked-down for Ank.
As shown in Figure 5A , the inhibitory effect of conditioned supernatant of Ank knocked-down chondrocytes on Sox-9 mRNA level was reduced from 1.6-fold to 1.3-fold when 0.1 mM of exogenous PPi was added to culture medium. The expression of Type II collagen displayed the same profile, with an inhibitory effect switching from 2-fold to 1.3-fold after addition of exogenous PPi ( Figure 5A ). In these experimental conditions, 0.01 mM of PPi remained ineffective whereas 1 mM of PPi worsened the loss of cartilage-specific markers (data not shown). Western blot analysis further demonstrated that addition of 0.1 mM of exogenous PPi diminished the potency of chondrocytes transfected with Ank siRNA to release Wnt-5a into culture supernatant ( Figure  5B ). Moreover, exogenous PPi reduced by 1.9-fold the ability of this conditioned supernatant to activate the Tcf/Lef reporter plasmid ( Figure  5C ). These data indicated that exogenous PPi compensated for most effects of Ank silencing on the expression of cartilage specific markers, Wnt-5a release and subsequent activation of the canonical Wnt signaling pathway.
Exogenous PPi failed to affect the noncanonical Wnt pathway in the Il-1β-induced loss of chondrocyte phenotype.
As shown in Figure 6A , IL-1β induced the phosphorylation of JNK with a maximal activation at 15 min. Addition of 0.1 mM of exogenous PPi did not modify the pattern of JNK activation by IL-1β. The inhibitory potency of IL-1β on Sox-9 mRNA level was reduced from 3.3-fold to 2-fold in the presence of the selective JNK inhibitor SP600125 ( Figure 6B ). Addition of exogenous PPi attenuated the IL-1β inhibitory effect from 2.1-fold in the absence to 1.3-fold in the presence of SP600125. Similarly, the inhibitory potency of IL-1β on Type II collagen mRNA level was reduced from 5.3-to 2.5-fold in the presence of SP600125 ( Figure 6B ). Once again, the addition of exogenous PPi diminished the inhibitory effect of IL-1β from 2.2-fold in the absence to 1.3-fold in the presence of SP600125. In contrast, the stimulating effect of IL-1β on Wnt-5a mRNA level was not affected by the presence of SP600125 ( Figure 6B) . However, addition of exogenous PPi diminished this stimulating potency from 2.2-fold to approximately 1.7-fold. Altogether, these data demonstrated that IL-1β promoted the loss of the differentiated phenotype of chondrocyte by two distinct mechanisms: a JNK-dependent PPiindependent pathway and a Wnt-5a PPidependent pathway. This suggests that the Ank deficiency provoked by IL-1β contributes by its own to the changes of chondrocyte phenotype seen under cytokine challenge.
DISCUSSION
IL-1β or TNF-α has been favoured as the main trigger of experimental arthritis although with a variable contribution depending on the model used. Nonetheless, in vitro and in vivo studies have suggested that IL-1β is a major driver of cartilage damage and possibly exceeds the effects of TNF-α (31). More recently, IL-1β was even demonstrated to support cartilage damage in human TNF-α-transgenic mice possibly due to its regulatory role on matrix degrading enzymes (32) . At the cellular level, IL-1β was shown to be a potent modulator of the chondrocyte phenotype, as it down-regulated the expression of some cartilage specific genes including those encoding Types IX (33), XI and II (34) collagens and aggrecan (34) . Most of these effects are thought to be supported by the reduced expression of the transcription factor Sox-9 (35) which is able to activate chondrocytespecific enhancer elements in Coll2a1 and Coll1a2 genes (36) . Therefore, IL-1β has a wellknown phathological relevance to cartilage degradation occurring in rheumatic diseases, and to the accompanying loss of differentiated phenotype that affects chondrocytes under stress conditions.
In the present study, we demonstrate that IL-1β induced chondrocytes to express less cartilage specific markers without favouring the expression of markers for hypertrophic chondrocytes, such as collagen type X and runx-2. TNAP was also neither detected at the mRNA level nor as an enzymatic activity in resting chondrocytes, consistently with the fully differentiated phenotype of our cell population (25) . TNAP expression remained undetectable in response to IL-1β as it was previously the case when chondrocytes were challenged with TGF-β1 (25) . These data are in good agreement with previous findings (18) (19) (20) (21) (22) and support that IL-1β causes a loss of the differentiated phenotype of articular chondrocytes and not the progression of differentiated chondrocytes to a hypertrophic state.
The IL-1β-induced loss of differentiated phenotype paralleled the reduced expression of the transporter Ank whereas an opposite pattern of expression was observed for Wnt-5a. The up-regulation of Wnt-5a confirmed previous data in rabbit articular (23) or temporomandibular joint condylar chondrocytes (37), although two different patterns of expression have been reported in response to IL-1β (23, 37) . Similarly, Wnt-3a remained insensitive to cytokine challenge (18) , albeit it was reported to contribute to chondrocyte dedifferentiation (38) . In contrast, neither induction of Wnt-7a nor down-regulation of Wnt-11 by IL-1β was detected in our experimental system in spite of their reported variations in rabbit chondrocytes (23) . Such discrepancy may reflect differences in chondrocytes sources and/or experimental conditions. However, our data confirmed that, among the Wnt family, Wnt-5a was representative of the chondrocyte response to IL-1β. This finding is particularly interesting when considering that several domains are evolutionary conserved between the rodents and human Wnt-5a promoters (39) , which makes sense to use rat cells for experiments. The inverse variation between Wnt-5a and Type II collagen or Sox-9 expression was highly consistent with the previous demonstration of an inhibitory role of Wnt-5a on cartilage specific components in articular chondrocytes (23) .
A major finding was that overexpression of Ank suppressed the stimulating effect of IL-1β on Wnt-5a while counterbalancing most of its inhibitory potency on Sox-9 and Type II collagen mRNA levels. An additional demonstration of the contribution of Ank to the maintenance of the differentiated phenotype of chondrocyte was that Ank RNA silencing induced an "IL-1β-like" phenotype in resting cells. Based on the marginal changes of the cell phenotype after transfection with a scramble sequence and on the efficiency of the silencing technology used (25) , our data validate that the loss of the differentiated phenotype was closely related to Ank deficiency. Although the Ank gene is expressed in several non skeletal tissues, it has been shown to be developmentally regulated in the cartilage of mouse embryo (26) and to be expressed in an oxygen-dependent manner (40) in the hypertrophic zone of the growth plate, where it plays a regulatory role in the mineralization process (41) . However, Ank was also found in the superficial zone of articular cartilage (41), consistently with the basal expression we detected in primary chondrocytes, and its expression was shown to extent to the deepest zones of cartilage in osteoarthritic samples (42) . We showed that the expression of Wnt-5a varied inversely to those of Ank in chondrocytes whereas no markers of hypertrophy occurred when Ank was expressed at a very low level. We demonstrated further that neutralization of Wnt-5a in culture supernatant prevented the loss of phenotype induced by Ank deficiency. Therefore, Ank contributed to the maintenance of the differentiated chondrocyte phenotype by controlling Wnt-5a expression.
As Ank is a membrane transporter, we next investigated whether phenotype changes depended or not on PPi export. We demonstrated that the loss of differentiated phenotype, i.e. the reduced expression of Sox-9 and Type II collagen, induced either by IL-1β or by RNA silencing was reversed consistently by addition of PPi. This suggests that most effects of Ank were mediated by its transporter function. Very few data are available on how ePPi could regulate gene expression in chondrocytes. In contrast, several evidences support an important role for inorganic phosphate (Pi) as an early differentiation factor in the ATDC5 cell line (43) and other mineralizing cells (44, 45) . However, mineralizing cells have a high TNAP activity which was not the case of our mature chondrocytes.
Therefore, a Pi-mediated mechanism resulting from hydrolysis of PPi by TNAP seems highly unlikely. Among possible way to regulate Wnt-5a, PPi could activate ERK1/2 and p38 MAPK signalling pathways, as was demonstrated in osteoblasts (46) . Alternatively, expression of Wnt-5a could be increased in a STAT-3-dependent manner (47) although the biological responses could vary with the cell type. That addition of PPi failed to compensate entirely for the loss of phenotype induced by IL-1β was not surprising, since this cytokine is known to activate many signaling pathways in chondrocytes (48, 49) . We showed that IL-1β activated JNK independently of the Wnt cascade since the kinetics of JNK phosphorylation was too short to account for the production of Wnt-5a. In addition, inhibition of JNK pathway with the selective inhibitor SP600125 left Wnt-5a mRNA level unchanged. Therefore, IL-1β promoted the loss of the differentiated phenotype of chondrocyte in a JNK-dependent PPi-insensitive pathway in addition to a Wnt-5a PPi-dependent mechanism.
The Wnt family of proteins has been classically separated into the Wnt-1 class, which includes Wnt-1, -3a, -7a and -8, and the Wnt-5a class, which includes Wnt-4, -5a and -11 (50). The Wnt-1 class is thought to activate the canonical Wnt/β-catenin pathway whereas the Wnt-5a class is expected to signal independently of β-catenin by activating protein kinase C, calmodulin-dependent kinase II or JNK. In accordance with the general classification, Wnt5a was shown previously to activate the noncanonical Wnt pathway in IL-1β-stimulated chondrocytes (23) and to promote the expression of several MMPs by these alternative ways (37) . However, recent data have raised the complexity of subdivision of the Wnt family which may be dependent on the receptor profile (51). Thus Wnt-1 does not always signal through the canonical Wnt pathway (52) whereas β-catenin has been implicated in the Wnt-4 signaling pathway (53) . Several lines of evidence support that Wnt-5a activated the canonical Wnt pathway in our experimental system since conditioned supernatant of cells knocked-down for Ank: i) activated Tcf/Lef reporter plasmids; ii) increased the nuclear translocation of β-catenin; iii) failed to activate reporter plasmids after prior neutralization with an Wnt-5a antibody. In addition, such conditioned supernatant was unable to induce JNK phosphorylation in resting chondrocytes, further demonstrating that this signaling pathway was not involved. As our data are inconsistent with previous findings in rabbit chondrocytes (23, 37) , further studies are required to investigate whether this may reflect differences in the expression pattern of Frizzled receptors rather than in experimental conditions. However, amongst the Wnt receptors expressed in the rat (54, 55) , Wnt-5a was described to activate the canonical Wnt pathway through a particular Rfz-2 signaling (56). Finally, activation of the canonical Wnt pathway by Wnt5a, secondary to the reduction of Ank expression, was highly consistent with the major role of β-catenin in the phenotypic loss of differentiated chondrocytes reported after IL-1β challenge (19) .
In summary, we have demonstrated here that the PPi transporter Ank preserved the differentiated phenotype of chondrocyte by regulating the canonical Wnt pathway in a Wnt5a-dependent manner. Our results provide evidence that change in Ank expression may contribute to the loss of phenotype that can affect articular chondrocytes under pathological conditions.
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